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Abstract The conversion of biomass to four different outputs via gasification is a
renewable technology that could reduce the use of fossil fuels and greenhouse gas
(GHG) emissions. This study investigates the energy aspects for a new concept of
biomass based quad-generation plant producing power, heat, methanol and methane.
Circulating fluidized bed gasifier and the gas technology institute (GTI) gasifier tech-
nologies are used for this quad-generation process. Two different biomass feedstocks
are considered in this study. The net energy ratio for six different pathways having the
range of between 1.3 and 7.2. The lowest limit corresponds to the wood chips-based
power, heat, methanol and methane production pathway using GTI technology. Since
more efficient alternatives exist for the generation of heat and electricity from biomass,
it is argued that syngas is best used for methanol production. The aim of this study was
to evaluate the energy performance, reduce GHG and acid rain precursor emission, and
use of biomass for different outputs based on demand. Finally, a sensitivity analysis
and a comparative study ar conducted for expected technological improvements and
factors that could increase the energy performance.
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1 Introduction
Biomass is a limited resource that needs to be used efficiently with low environ-
mental impact, from extraction, conversion and distribution to end use. Biomass,
including agricultural residue (i.e. straw, corn stover), forest residue (branches and
tops of the trees), whole tree, and energy crops can be used to produce a range of
fuels and chemicals. In Denmark, biomass currently accounts for approximately 70 %
of renewable-energy consumption, mostly in the form of straw, wood and renewable
wastes. Consumption of biomass for energy production in Denmark more than quadru-
pled between 1980 and 2005 [1,2]. The consumption of biomass (straw, woodchips)
for electricity and district heating has increased significantly.
Biomass conversion can be divided into two main pathways: thermochemical con-
version and biochemical conversion [3]. Biomass can also be refined through essen-
tially mechanical treatment such as extraction (e.g. oil from seeds) or pelletizing. The
thermochemical pathway can be further subdivided into combustion, gasification and
pyrolysis [4]. Biomass combustion is widely applied to generate heat and electricity
on a wide range of scales. Gasification converts the biomass into a gas that can sub-
sequently be used to generate heat and electricity or be converted into fuels or other
chemicals [4–6]. Pyrolysis converts the biomass into a mixture of char, liquid and gas,
and is usually considered as a pre-treatment option for long-distance transport. The
biochemical pathway can be divided into two main paths: digestion and fermentation
into methane and ethanol, respectively [3]. Other biochemical pathways are also possi-
ble, such as anaerobic production of acetone and butanol together with ethanol [7], but
less attention is devoted to them today. The conversion of biomass to polygeneration
output via gasification and combustion technologies is a renewable technology that
could substitute fossil fuels [8–12].
The energy related CO2 emissions are responsible for the majority of Denmark’s
total emissions of greenhouse gases, approximately 78 % in 2009 [1]. Therefore,
the energy baseline scenario has large impact on the expectations for future emis-
sion levels and possible deficits in relation to international obligations. Green house
gas (GHG) emissions from agricultural sector are predominantly relevant to facilitate
a more sustainable development, and to achieve the stabilized GHG emissions and
global mean temperature targets of Kyoto Protocol, 1997 and Copenhagen Accord,
2009. In this context, Denmark is committed to a 21 % reduction in GHG emis-
sions from 1990 to 2012 [13], and in addition Denmark has agreed a national ambi-
tion of a society independent of fossil fuels by 2050. The annual GHG emissions
from the primary agricultural sector in Denmark in the form of nitrous oxide (N2O)
and methane (CH4) are currently about 10 Tg (1 Tg = 109 kg) carbon dioxide
equivalents (CO2eq) compared to total emissions of 66 Tg CO2eq for Denmark
in 2010 [14]. Furthermore, around 5 Tg CO2eq should be added CO2 emissions
from direct and indirect fossil energy use [15], and a net mining of the soil car-
bon pools (DC) amounting to less than 1 Tg CO2eq [16]. Other GHG contributions
from agriculture are negligible. Methane and nitrous oxide emission from agricul-
ture amounted in approx. 15 %, emissions from waste (landfill) and discharged water
amounted to approx. 2 % and energy-related emissions amounted for approximately
3 % [17].
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There are few studies which have done comparative analyses of different biomass
feedstock conversion pathways for biofuels and hydrogen [12,18–20] but none of these
studies investigate different biomass conversion technologies for producing power,
heat, methanol, and methane from straw and wood chips. The objective of this paper
is to quantify environmental impact in terms of emissions and NERs for different
quad-generation production pathways. Two different technologies for producing four
products are analyzed: circulating fluidized bed (CFB) and gas technology institute
(GTI). These technologies are described in subsequent sections.
1.1 Quad-generation pathways
Biomass fueled combine heat and power (CHP) plants have now for many years been
a common part of the Danish electricity and district heating supply. The development
of energy-efficient production technologies has made cogeneration and tri-generation
possible, and now, the development trend is moving towards quad-generation and poly-
generation. The net energy ratio analysis has done for quad-generation. Table 1 gives
the description of quad-generation plant size description and technologies. Sixteen
different pathways have been considered in this study. Figure 1 shows the different
conversion pathways.
Table 1 Plant size for quad generation pathways
Technology Feedstock Optimum size, dry
tons per day (dtpd)
Comments/sources
CFB Straw 1,000 These key features have been
derived from an earlier study by
Ruhul and Kumar [12]. The
size of the each gasifier unit is
assumed to be 1,000 dtpd
Wood chips 1,000
GTI Straw 1,000 The size of the plant is derived
from Sarkar and Kumar [10].
The capacity of each gasifier
unit is assumed to be 1,000 dtpd
Wood chips 1,000
Straw
Wood Chips
GTI Gasifier
Electricity
Heat
Methanol
Feedstocks Technologies Products
Methane
CFB Gasifier
Fig. 1 Biomass conversion pathways for quad-generation
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2 Methodology
The quad-generation plant is produced syngas via gasification which is then used for
generating power, heat, liquid fuel (methanol) and gaseous fuel (methane). Different
products production pathways are analyzed as a combination of several unit oper-
ations. Materials, equipments, and fuel-embodied energy and emissions factors are
determined for each of the unit operations involved in a conversion pathway over its
life cycle.
Since power, heating, liquid and gaseous fuels are measured in different units (e.g.
MJ, kW and m3); the functional unit is defined as the use of 1 MJ of syngas in either
one of these applications. It means the quantity of a service (power, heat, methanol and
methane) that is delivered by ‘1 MJ of syngas’. These values are the basis for the cal-
culation of the net environmental benefit, which is used to compare the environmental
advantages resulting from the substitution of different reference systems by syngas
systems. It is calculated therefore as the difference between the impacts generated by
syngas and reference systems. This study evaluates the NERs for all quad-generation
pathways, a crucial ratio for the assessment of renewable systems. The NERs for the
pathways are calculated using Eq. (1) [12].
N E R =
∑
Eout
∑
Ein
(1)
where,
∑
Ein = life cycle non-renewable primary energy input corresponding to the
functional unit (FU) of a pathway, and ∑Eout = energy available from the FU equiva-
lent MJ syngas produced from the pathway. It should be noted that this study is based
on the lower heating value (LHV) for fuels. Two environmental stressors i.e. net GHG
emissions and acid rain precursors (ARP) are considered for emission analysis. These
two environmental stressors for a particular conversion pathway are calculated using
Eq. (2) [12].
Net emission =
∑
εout (2)
where,
∑
εout = life cycle emissions corresponding to the FU of a pathway within
the defined system boundary (Fig. 2). GHG stressors are reflected to be mainly carbon
dioxide (CO2), carbon monoxide (CO), methane (CH4), and nitrous oxide (N2O).
GHGs contribute to global warming. The global warming potential (CO2eq) for these
gases are assumed to be 1, 3, 21, and 310 respectively.
Energy consumption and emission are estimated for all the unit processes. All
the key activities from farming to quad-productions have been considered apart
from the irrigation and electricity distribution to the grid and final consumer.
A consolidated system boundary for the current LCA study is showed in Fig.
2.
To compensate for variations in electricity demand during the day and the year, the
power generated at the farm is assumed to be supplied to the Danish national grid and
from there retrieved by the households.
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Straw
seeding
Fertilizing
harvesting
Processing
Staw transportation
Gasification Plant
Power
Ash transportation
Heat Methanol Methane
Wood chips
felling
Skiding
chiping
Processing
Wood chips transportation
Gasification Plant
Power
Ash transportation
Heat Methanol Methane
Biomass production
Biomass transportation
Plant construction
Plant operation and
maintance
Fig. 2 System boundary for quad-generation pathways
3 Assumptions of unit processes
The unit processes that have been considered for CFB and GTI technologies are:
biomass production/supply (mainly includes seeding, production and distribution of
fertilizer, herbicide and pesticide production and distribution, harvesting, manufactur-
ing and decommissioning of all the equipments used in every stage, raking, baling, bale
moving and wrapping), biomass transportation (mainly includes loading and unload-
ing, transportation by truck), plant construction, maintenance and decommissioning,
plant operation, (mainly includes shredding, plant utilities, ash disposal and regular
operation) and quad-productions (mainly includes power, heat, methanol and methane
production, methane transportation).
3.1 Biomass production/supply
Denmark is in a very superior position regarding utilization of straw, partly because
energy politics since the beginning of the eighties have put a strong effort in implement-
ing biomass in the energy supply, and partly because straw is a very essential biomass
resource in Denmark [21]. For the period from 2004 to 2008 the total straw produc-
tion in Denmark was 5.5 million tons/year (82.5 PJ at 15 % water) where 1.4 million
tons was used for combustion. This gives a surplus of 2.2 million tons straw/year or
40 % of the total production [1]. The straw-to-grain ratio is assumed to be 1.1:1 on
the basis of its mass fraction [22]. Accordingly, a portion of the impact from common
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operations for straw and grain (from cultivation to harvesting) is allocated to straw.
Wood chips are also only harvested in softwood stands, but by producing wood chips
from hardwood, such as beech, the yield of wood chips can be greatly increased when
using nurse trees. By planting hybrid larch also, the yield of wood chips could be
tripled in proportion to a pure beech stand. It is justified to believe the machinery
selection with agricultural practices to be more common.
3.2 Biomass transportation
As an operation in the collection process, straw is transported as bales from the field
to the road side. Then these bales are transported to the power plant. In a complete
life cycle analysis of freight transportation, life cycle phases of vehicles, infrastructure
and fuels have to be included [23–25]. However, since the plant location is not exactly
determined in the study, the infrastructure for transportation which includes the con-
struction and maintenance of roads is assumed as already existing and no significant
road construction required. It has been assumed that an average transport distance
from the forest road to the plant of 20 km (own calculation), and that transport takes
place with 25 tons lorry.
3.3 Plant construction, decommissioning and disposal
The construction material required for the different plants is estimated using data given
in earlier studies [12,26]. Scale factors are assumed to be 0.76, 0.68, 0.78 and 0.70,
respectively, for BCL, GTI plants and are based on detailed analyses reported in earlier
studies [10,11]. Scale factor is defined by the following equation [27].
Ci
Co
=
(
Si
So
)n
(3)
Where Ci, Co = cost at size ‘i’ and at reference (o) units, respectively. Si, So = size or
rating of the corresponding units, and n is the scale factor. Note that, material-embodied
energy and emissions are considered over their life cycle.
3.4 Plant operation and maintenance
The major environment benefit of biomass energy is that theoretically it’s a carbon
neutral energy source once the full life cycle is considered. In simple, the CO2 emitted
during the conversion of biomass energy is considered to be the atmospheric CO2
absorbed by the plants during the growth phase. However, this balance exists between
the biomass growth and conversion emissions only.
3.4.1 Circulating fluidized bed (CFB) gasifier
The circulating fluidized bed (CFB) gasification technology is used [28] for this study.
Several alternative gasification technologies exist (energy efficiencies, suitability for
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SNG, and other process details are discussed in [29,30]). The CFB gasification process
consists of separate gasification and combustion chambers. In the gasification chamber,
hot steam and the bed material olivine are used as energy carriers to gasify wood
under the absence of oxygen. The resulting producer gas consists of hydrogen, carbon
monoxide, carbon dioxide, and methane as well as other hydrocarbons, tars, and ash.
In the combustion chamber the energy required to maintain this endothermic process
is transferred to steam and olivine through the combustion of wood and incompletely
gasified wood fractions (coke and tars). During gasification, tars as well as other
substances are formed from traces of nitrogen, sulphur, chlorine, and metals contained
in the wood and transferred into the product gas, from which it needs to be cleaned.
This is done in several steps including a baghouse filter to remove particles as well as
a washing step with rape methyl ester (RME) as organic solvent to remove water and
tars.
3.4.2 Gas Technology Institute (GTI) gasifier
In the case of GTI pathways, the electricity produced by the plant is enough to support
the feedstock pretreatment processes and other plant operations [31]. Once again,
credits from selling extra electricity to the grid are not considered. In addition, natural
gas need not be purchased for these pathways. So, for GTI pathways ash disposal is
the only plant operation that needs to be accounted for.
3.5 Quad productions
This unit process is relevant to both CFB and GTI pathways. It includes power, heat,
methanol and methane production. It is assumed that the quad-generation plant has
access to the national natural gas grid. In this context, a process that converts biomass
into methane does not require any transportation. It is assumed that, methanol is
transported for 200 km. Methanol has low density that only 300 kg methanol can be
carried using a conventional 36 tons payload truck [32].
4 Inventory assessment for life cycle calculation
4.1 Biomass properties and plant characteristics
The yield and physical properties of biomass are very critical to performing NER analy-
sis for biomass-based systems. These have a significant impact on various upstream
and downstream operations of biomass conversion such as transportation, feedstock
pretreatment, plant mass and energy balance, plant maintenance, etc. The biomass
inventory data and general plant assumptions are given in Table 2.
4.2 Fuel and fertilizer requirement
Almost all the unit processes used fossil fuel as the primary energy input. Methanol
is required to methane and methanol production. Almost 68 % of all the electricity
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Table 2 Biomass properties and general assumptions
Properties Straw Wood chips Comments/references
Moisture content (%) 7.5–12 45 These are the moisture contents of as
received feedstocks. It is assumed
that moisture contents would not
change transportation of feedstocks
after preliminary processing
[33,34]
Bulk density (kg/m3) 130 300
Lower heating value (MJ/dry kg) 15 10.5 [34,35]
Ash content (%) 4 [36]
Plant operating factor These are conventional operating
factors being used for biomass
based plants[37]
Year 1 0.7 0.7
Year 1 0.8 0.8
Year 1 0.85 0.85
Table 3 Energy input/output ratio and emission factors for electricity, different fuels and chemicals [12,
26,38–41]
Items Diesel Natural Methanol Electricity Fertilizer (unit/kg) Pesticide
gas (unit/MWh) (unit/kg)
N P K
LHV (MJ/kg) 46.03 49.1 22.7 – – – – –
Density (kg/m3) 832 0.78 792 – – – – –
kg CO2eq/GJ 94.2 56.6 16 820 3.27 1.34 0.64 24.5
kg SO2eq/GJ 0.37 0.13 2.00E−03 0.57 0.38 0.4 0.4 2.96
kg (NOx + VOC)/GJ 0.59 0.22 1.00E−03 0.585 0.4 0.41 0.41 3.01
GJ/GJ 1.22 1.11 0.04 2.86 0.05 0.01 0.004 0.12
LHV lower heating value, VOC volatile organic compounds
generated in Denmark comes from fossil fuel-fired power plants [1,2]. Therefore,
there are high emissions related to grid electricity. These emissions are estimated on
life cycle basis. The efficiency with which natural gas is converted to electricity is
assumed to be 45 %. Table 3 also shows the life cycle energy and emissions factors
for different fertilizers and pesticides. The transportation inventory data include the
production, use and disposal of trucks.
4.3 Inventory data for plant construction, decommissioning, and disposal
There are not many studies with primary energy and emissions related to decom-
missioning of a power plant. The steel, concrete and aluminum required to construct
a GTI plant (for processing straw and woodchips), the material required is 5,084,
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15,720, and 42 tons, respectively. To construct a CFB plant construction (for all the
feedstocks), the necessary amount of steel, concrete and aluminum are needed almost
5,350, 16,535, and 44 tons, respectively [1,6,40]. However there are details of some
limited research on this issue. According to these studies, primary energy input and
relevant CO2eq emissions for decommissioning are in-between 3 and 5 % of energy
and emissions associated with the plant construction. Therefore, the decommissioning
impact is assumed to amount to 3 % of the construction impact [42] for all plants.
4.4 Inventory data for plant operation and maintenance
The natural gas required to produce individual output from quad-generation using
CFB gasifier has been found to be 0.12 m3/m3 syngas for both of the feedstock [28,
29]. Neither natural gas nor electricity purchases are required for GTI-gasifier-based
quad-generation [30]. Methanol (10 wt%) is needed both for methanol and methane
production. Inventory data for methanol have been given above Table 3. Ash is disposed
50 km away from the plant and is spread (1 tons ash/ha) to replace nutrients [12]. The
ash content in methanol and methane is less than 0.1 %, hence, the impact from ash
disposal is ignored in this study. The cleaned producer gas is used in a gas-powered
heat, power, methanol and methane unit. Many studies have assumed a percentage
of plant construction energy as the maintenance energy of the power plant, mostly
between 2.5 and 5 % [42]. In this study, energy and emissions of plant maintenance
is assumed to be 3 % of the plant construction energy and emissions in both cases.
4.5 Recycling and waste disposal
Steel, iron and aluminum used in all machinery, plant equipment and construction are
considered to be recycled. The amount of steel used in farm machinery is considered as
98 % wherever it’s not possible to find the exact value [43]. The energy and emissions
needed to recycle these materials are considered in the analysis.
4.6 Inventory data for methanol transportation
Methanol has high density of 792 kg/m3. This makes truck as a favorable mode of trans-
portation along with the pipeline. It is assumed that methanol blend will be transported
either using B-train truck of 60 m3 capacity. Inventory data for methanol transportation
are presented in Table 4.
5 Result and discussions
5.1 Life cycle energy impact
The total energy impact and NER corresponding to the functional unit for different GTI
and CFB pathways are shown in Table 5. Note that, in order to determine NER, the LHV
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Table 4 Methanol transport inventory data [12]
Mode Category Values Comments/sources
Truck Energy impact 0.85 MJ/m3/km Impacts include truck manufacturing,
infrastructure construction, and
truck operation. The authors
evaluated other impacts based on
the material inventory data from
[44]
Emission impact 56 gm CO2eq/m3/km
0.23 gm SO2eq/m3/km
0.36 gm (NOx + VOC)/m3/km
Table 5 Life cycle energy performance of quad-generation pathways
Feedstocks Technologies Pathways MJ/MJ syngas kg CO2eq/MJ syngas
Straw CFB PW 1 5.8661 1.1513
PW2 7.2153 1.9733
PW3 7.1243 1.9733
PW4 6.8450 1.9733
GTI PW1 3.1562 0.2158
PW2 3.2959 0.2158
PW3 3.3257 0.2158
PW4 3.0525 0.2158
Wood chips CFB PW1 4.3710 1.8797
PW2 4.2212 1.8797
PW3 4.4141 1.8797
PW4 4.2036 1.8797
GTI PW1 1.2694 0.1847
PW2 1.7669 0.1847
PW3 1.9544 0.1847
PW4 1.3703 0.1847
of methanol and methane has been assumed to be 19.6 and 38 MJ/NM3 respectively
[45]. Figure 3 shows the energy break down in all unit processes during the life cycle
of quad-production for both straw and wood chips. In case of CFB pathways, the total
energy impact for the both biomass feedstocks are comparatively higher than GTI
pathways as plant operation and maintenance contributes significantly to the overall
energy impact. Life cycle energy consumption corresponding to one functional unit
is higher for fast pyrolysis pathway. The main reason is the feedstock pre-treatment
and energy input for CFB. So, energy from framing and harvesting is almost double.
In addition to that, more transportation distance is needed to be covered.
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5.2 Life cycle emission impact
Life cycle GHG emissions from different pathways are depicted in Fig. 4. No green-
house gas (GHG) emissions are generated during biomass growth. Wood transport by
truck over short distances is rather efficiency and thus the use of diesel and generated
air emissions only cause small impacts. Life cycle emission consumption correspond-
ing to one functional unit is higher CFB straw pathways. The main reasons behind it
are: net straw requirement for the same amount of power production is almost twice
as syngas yield has been assumed as 50 wt% from triticale straw. It also has a similar
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Fig. 4 Life cycle CO2 emission from a CFB and b GTI pathways
reason for CFB wood chips pathways. Figure 5 shows the life cycle acid rain precursor
emission for straw and wood chips in CFB and GTI technologies. Based on this LCA
study GHG, ARP emission intensities for quad-generation production are in the range
0.24–4.41 kg CO2eq/MJ syngas and 0.03–0.84 kg SO2eq/MJ syngas respectively.
5.3 Sensitivity analysis
A sensitivity analysis with following scenario is carried out in this study. Scenario 1
consider excluding the farming and harvesting inputs. Hence, the feedstocks can be
regarded as waste material energy need not to be allocated to feedstocks as it was
in the base case. If the plant efficiency is improved from 64 to 69 % for gasification
plant, scenario 2 develops for plant efficiency improvement. Scenario 3 suggests that,
exclusion of silviculture and road construction from WF biomass reduces the impacts
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Fig. 5 Life cycle acid rain precursor emission for a CFB and b GTI pathways
significantly compared to all the pathways. Effects of 10 % increase or decrease in
syngas yield is analyzed in scenario 4. This scenario is developed for both straw and
wood chips. Scenario 5 consider higher operating factor for the plants (0.7 for year
1, 0.8 for year 2 and 0.95 from year 3 onwards). Based on the scenarios considered,
LCA was performed again to analyze their impact. Findings have been summarized
in Table 6.
5.4 Comparative study
NER for quad-production pathways is in the range of 1.3–7.2. In contrast, coal and
natural gas based bio-oil production plant demonstrates NER in the range of 0.57–
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Table 6 Key sensitivities and their results
Scenario Conversion Energy Change GHG Change ARP Change
pathway (MJ/MJ from base (kg CO2eq/ (%) (kg SO2eq/ (%)
syngas) case (%) MJ syngas) MJ syngas)
(1)
Straw CFB 6.76 −26 1.28 −25 6.9E−01 −28
Straw GTI 3.207 −30 0.32 −32 3.6E−02 −30
Wood chips CFB 4.37 −17 2.07 −18 0.10 −19
Wood chips GTI 1.26 −10 0.28 −15 7.4E−01 −13
(2)
CFB 1.50 −14 0.37 −19 4.7E−01 −19
GTI 1.50 −14 0.37 −19 4.7E−01 −19
(3)
Wood chips CFB 4.37 −17 2.07 −16 0.10 −34
Wood chips GTI 1.26 −10 0.28 −19 7.4E−01 −19
(4)
CFB 2.43 −39 0.79 34 4.9E−02 −36
GTI 1.85 −22 0.28 19 3.6E−02 −12
(5)
Straw CFB 6.76 −26 1.28 −36 6.9E−01 −28
Straw GTI 3.207 −30 0.32 3.6E−02 −30
CFB circulating fluidized bed, GTI Gas Technology Institute pathways
0.67 [26,41]. In case of installing quad-generation plant has a good reduction of CO2
emissions compare to existing plant [46]. In fact, the quad-concept results in negative
system-wide CO2 emissions as a result of the replaced natural gas from sold SNG and
the replaced fossil fuel in central electricity generation from sold electricity
The comparison of GHG emission from quad-generation plant and other biomass
gasification is a particular way to address the question os selecting best option for
policy makers. It has analyzed the wheat straw based power plant in China emits
2.9 kg CO2eq/MJ syngas (converting MWh to MJ syngas) [47] and for quad-generation
production in the range of GHG emission are 0.24–4.41 kg CO2eq/MJ syngas.
6 Conclusions
The study is done to determine the net energy ratio and environmental advantage of
using straw and wood chips for quad (power, heat, methanol and methane) production
as a continuation of Denmark’s quest on increasing the renewable energy penetration
in its energy sector. Two conversion pathways are considered taking straw and wood
chips as the sustainable energy option. Among the CFB pathways, straw based heat
production pathway has maximum NER of 7.22. Similarly, among GTI pathways also,
straw based methanol production pathway has maximum NER of 3.33. For CFB and
GTI production pathways, use of woodchips for heat production, produces lowest
GHG emission and use of woodchips for methanol production, produces less amount
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of acid rain precursor among the other options. By increasing the share of wind power
in total energy system, reducing the use of fossil fuels use in energy production and
replacement of those fossil fuels with domestic biomasses will represent the main
means of GHG emissions saving in the future energy system.
Acknowledgments This project has been supported by The European Regional Development Fund, Grant
No: ERDFN-09-0060. The authors would like to acknowledge the support of the FleksEnergi project for
PhD Study.
References
1. Statistics Denmark: National Statistical Database (Statistikbanken). Danmarks Statistik, København.
http://www.dst.dk (2010). Accessed Nov 2012
2. The Danish Energy Agency: Biomass in the Danish Energy Sector. http://www.ens.dk/en-US/supply/
Renewable-energy/Bioenergy/Sider/Forside.aspx (2012). Accessed Nov 2012
3. Turkenburg, W.C.: Renewable energy technologies. In: Goldemberg, J. (ed.) World Energy
Assessment—Energy and the Challenge of Sustainability. United Nations Development Programme,
New York (2000)
4. Brown R.C.: Thermochemical technologies for biomass energy. In: IEEE Power Engineering Society
General Meeting, pp. 1650–1652 (2004)
5. Mohan, D., Pittman Jr, C.U., Steele, P.H.: Pyrolysis of wood/biomass for bio-oil: a critical review.
Energy Fuels 20, 848–889 (2006)
6. Faaij, A.: Modern biomass conversion technologies. Mitig. Adapt. Start. Glob. Change 11, 343–375
(2006)
7. Claassen, P.A.M., van Lier, J.B., Lopez Contreras, A.M., van Niel, E.W.J., Sijtsma, L., Stams, A.J.M., et
al.: Utilization of biomass for the supply of energy carriers. Appl. Microbiol. Biotechnol. 52, 741–755
(1999)
8. Steubing, B., Zah, R., Ludwig, C.: Life cycle assessment of SNG from wood for heating, electricity,
and transportation, biomass and bio energy 35, 2950–2960 (2011)
9. Rosendahl, L.: Biomass resources, fuel preparation and utilization for improving the fuel flexibility
of advanced power plants. In: Advanced Power Plant Materials, Design and Technology. Woodhead
Publishing, India (2010)
10. Sarkar, S., Kumar, A.: Biohydrogen production from forest and agricultural residues for upgrading of
bitumen from oil sands. Energy 35(2), 582–591 (2010)
11. Sarkar, S., Kumar, A.: Large-scale biohydrogen production from bio-oil. Bio Resour. Technol. 101(19),
7350–7361(2010)
12. kabir, M.R., Kumar, A.: Development of net energy ratio and emission factor for biohydrogen produc-
tion pathways. Bioresour. Technol. 102, 8972–8985 (2011)
13. Houghton, J.: Global Warming. The Complete Breefing, 3rd edn. Cambridge University Press, UK, p.
351 (2004)
14. Nielsen, O., Winther, M., Mikkelsen, M.H., Gyldenkærne, S., Lyck, E., Plejdrup, M., Hoffmann, L.,
Thomsen, M., Fauser, P.: Projection of Greenhouse Gas Emissions 2007 to 2025. In: NERI Technical
Report No. 703. Aarhus University, National Environmental Research Institute, Roskilde, Denmark,
p. 209 (2009)
15. Dalgaard, T., Halberg, N., Fenger, J.: Can organic farming help to reduce national energy consumption
and emissions of greenhouse gasses in Denmark? In: van Lerland, E.C., Lansink, A.O. (eds.) Economics
of Sustainable Energy in Agriculture Economy and Environment, vol. 24. Kluwer Academic Publishers,
Dordrecht, pp. 191–204 (2002) (ISBN 1-4020-0785-X)
16. Gyldenkærne, S., Petersen, B.M., Olesen, J.E.: Konsekvenser og muligheder ved Danmarks deltagelse
i Kyotoprotokollens artikel 3.4 på landbrugsområdet. In: Working Report No. 5. Danish Environmental
Agency, Copenhagen, p. 50 (2007)
17. Danish Energy Outlook: The Danish Energy Agency. http://www.ens.dk/en-us. (2011) Accessed May
2011
18. Larson, ED.: A review of life-cycle analysis studies on liquid biofuel systems for the transport sector.
Energy Sustain. Dev. 10(2), 109–126 (2006)
123
734 S. Rudra et al.
19. Kiwjaroun, C., Tubtimdee, C., Piumsomboon, P.: LCA studies comparing biodiesel synthesized by
conventional and supercritical methanol methods 7(2), 143–153 (2009)
20. Koroneos, C., Dompros, A., Roumbas, G., Moussiopoulos, N.: Life cycle assessment of hydrogen fuel
production processes. Int. J. Hydrogen Energy 29(14), 1443–1450 (2004)
21. Nilsen, C.: Utilization of straw and similar agricultural residues. Biomass Bioenergy 9(1–5), 315–323
(1995)
22. Kumar, A., Cameron, J.B., Flynn, P.C.: Biomass power cost and optimum plant size in western Canada.
Biomass Bioenergy 24, 445–464 (2003)
23. Moller, B., Nielsen Per, S.: Analyzing transport costs of Danish forest wood chip resources by means
of continuous cost surfaces. Biomass Bioenergy 31, 291–298 (2007)
24. Borjesson, P.: Energy analysis of biomass production and transportation. Biomass Bioenergy 11, 305–
318 (1996)
25. Nord-Larsen, T., Talbot, B.: Assessment of forest-fuel resources in Denmark: technical and economic
availability. Biomass Bioenergy 27, 97–109 (2004)
26. Spath, P.L., Mann, M.K.: Life Cycle Assessment of a Natural Gas Combined-Cycle Power Generation
System, NREL/TP-570-27715. National Renewable Energy Laboratory (NREL), Golden (2000)
27. Moore, F.T.: Economies of scale: some statistical evidence. Q. J. Econ. 73(2), 232–245 (1959)
28. Yin, X.L., Wu, C.Z., Zheng, S.P., Chen, Y.: Design and operation of a CFB gasification and power
generation system for rice husk. Biomass Bioenergy 23, 181–187 (2002)
29. Hofbauer. H., Veronik, G., Fleck, T., Rauch, R., Mackinger, H., Fercher, E.: The FICFB-gasification
process. In: Bridgwater, A.V., Boocock, D.G.B. (eds.) Developments in Thermochemical Biomass
Conversion, vol. 2. Blackie Academic and Professional, London, pp. 1016–1025 (1997)
30. Gassner, M., Mare’chal, F.: Thermodynamic comparison of the FICFB and viking gasification concepts.
Energy 34(10), 1744–1753 (2009)
31. Larson, E.D., Jin, H., Celik, F.E.: Gasification-Based Fuels and Electricity Production
from Biomass, Without and with Carbon Capture and Storage. Princeton Environmental
Institute, Princeton University, Princeton. http://www.princeton.edu/pei/energy/publications/texts/
LarsonJinCelik-Biofuels-October-2005.pdf (2005)
32. Hamelinck, C.N., Suurs, R.A.A., Faaij, A.P.C.: International bioenergy transport costs and energy
balance: Biomass Bioenergy 29, 114–134 (2005)
33. Chungen, Y., Rosendahl, L.A., Kær, S.K.: Grate-firing of biomass for heat and power production.
Energy Combus. Sci. 34, 725–754 (2008)
34. Fl, Erik, Kristensen, J., Kristensen, J.K.: Development and test of small-scale batch-!red straw boilers
in Denmark. Biomass Bioenergy 26, 561–569 (2004)
35. Schultz, G.: Modern biomass utilization. Energi E2 Denmark. http://unfccc.int/files/methods_and_
science/mitigation/application/pdf/eu_schultz.pdf. Accessed Nov 2012
36. McKendry, P.: Energy production from biomass (part 1): overview of biomass. Bioresour. Technol. 83,
37–46 (2002)
37. Callesen, I., Grohnheit, P.E., Østergard, H.: Optimization of bioenergy yield from cultivated land.
Biomass Bioenergy.34, 1348–1362 (2010)
38. Boehmel, C., Lewandowski, I., Claupein, W.: Comparing annual and perennial energy cropping systems
with different management intensities. Agric. Syst. 96, 224–236 (2008)
39. Bernesson, S., Nilsson, D., Hansson, P.A.: A limited LCA comparing large- and small-scale production
of rape methyl ester (RME) under Swedish conditions. Biomass Bioenergy 26(6), 545–559 (2004)
40. Furuholt, E.: Life cycle assessment of gasoline and diesel. Resour. Conserv. Recycl. 14(3–4), 251–263
(1995)
41. Spath, P.L., Mann, M.K.: Life Cycle Assessment of Hydrogen Production via Natural Gas Steam
Reforming, NREL/TP-570-27637. National Renewable EnergyLaboratory (NREL), Golden (2001)
42. Elsayed, M.A., Mortimer, M.D.: Carbon and energy modeling of biomass systems: conver-
sion plant and data updates, ETSU B/U1/00644/REP. Sheffield Hallam University, Sheffield.
http://webarchive.nationalarchives.gov.uk/tna/, http://www.dti.gov.uk/renewables/publications/pdfs/
bu100644.pdf/ (2001). Accessed May 2014
43. Mann, M.K., Spath, P.L.: Life Cycle Assessment of a Biomass Gasification Combined-Cycle System.
NREL, Midwest Research Institute, Kansas, USA (1997)
44. Pootakham, T., Kumar, A.: A comparison of pipeline versus truck transport of bio-oil. Bioresour.
Technol. 101(1), 414–421 (2010)
45. Laughton, M.A., Warne, D.F.: Electrical Engineer’s Reference Book. Newnes (2003)
123
Development of net energy ratio 735
46. Rudra, S.: Design and system analysis of quad-generation plant based on biomass gasification integrated
with district heating. PhD thesis. http://homes.et.aau.dk/mbb/supervision/reports/souman-2013.pdf
(2014). Accessed May 2014
47. Liu, H., Polenske, K.R., Xi, Y., Guo, J.: Comprehensive evaluation of effects of straw-based electricity
generation: a Chinese case. Energy Policy 38, 6153–6160 (2010)
123
